Despite their apparently good prognosis B15% of high hyperdiploid (HD) childhood acute lymphoblastic leukemia (ALL) cases relapse. To search for responsible risk factors we determined copy number aberrations as well as copy neutral loss of heterozygosity (LOH) in 13 matched diagnosis and relapse samples and added the data of the only three available cases from the literature. Deletions and copy neutral LOH in 3 and 2 of the 16 cases directed us to the histone-modifying CREB-binding protein (CREBBP) gene, whose functional impairment is implicated in drug resistance. We therefore screened all samples for mutations in this gene and discovered 9 acquired sequence mutations in 7/16 cases, leading to an overall frequency of somatic CREBBP aberrations in HD ALL relapse cases of 63% that is considerably higher than that of the reported, mainly non-HD ALL (18.3%). Moreover, mutations in HD cases occur almost exclusively in the HAT domain (8/9; 89%). Hot spot mutations are present at diagnosis in 18.8% of relapsing HD ALL cases but in none of 40 respective cases remaining in long-term remission. Thus, the particular high incidence of CREBBP mutations in relapse-prone HD ALL cases could eventually be exploited for refined risk stratification and customized treatment in this genetic subgroup.
INTRODUCTION
A high hyperdiploid karyotype (HD) defines the largest subgroup of childhood B-cell precursor acute lymphoblastic leukemia (ALL) and is characterized by a modal number of 51 --68 gained chromosomes. 1, 2 Circumstantial evidence indicates that the mal-distribution of chromosomes occurs simultaneously during a single abnormal non-disjunction event. Alternative mechanisms, such as a duplication of an initial near-haploid chromosome set, the sequential gain of chromosomes during several cell divisions and the consecutive loss of chromosomes after a tetraploidization step, probably also exist but are much rarer.(reviewed in 1 ) HD is already acquired in utero and, apart from non-random tri-and tetrasomies of specific chromosomes, 3 --5 contains hardly any recurrent structural abnormalities. 6 Notwithstanding the fact that HD is an overall favorable prognostic feature, up to 15% of patients with this type of leukemia relapse and have a dismal outlook. 1, 7, 8 Currently, no parameters exist that could help to predict which HD cases will eventually relapse. Although minimal residual disease (MRD) monitoring has significantly refined risk assessment in BFM-based treatment protocols, it is not sufficient to delineate relapse-prone HD cases, because most of them do not fall into the MRD high-risk group. 9 The search for novel stratifying features aims to eventually refine treatment and is therefore highly warranted particularly in this specific subgroup. The most appropriate approaches to search for such prognostic markers include the genome-wide comparison of paired diagnostic and relapse samples with single nucleotide polymorphism (SNP) arrays to identify potentially relevant acquired copy number aberrations (CNA) as well as mutation screening of candidate genes. 10, 11 So far, SNP array analyses of HD ALL cases uncovered that microdeletions are more common at relapse and some, such as IKFZ1, PAX5, CDKN2A/B and AK3, are even recurrent; none of them, however, has so far been linked to a propensity to relapse. 10 --12 Mutation screening, on the other hand, revealed that the typical secondary mutations in receptor tyrosine kinase/RAS pathway genes do not seem to influence the disease course adversely. 10 The only promising recent discovery, which eventually became also the focus of our analysis, concerns the potential role of the CREB-binding protein (CREBBP, also known as CBP). Germline mutations in this gene result in Rubinstein --Taybi Syndrome, a developmental disorder that is characterized by dysmorphic features, intellectual impairment and a susceptibility to developing solid tumors. 13 Recently, somatic CREBBP mutations with potential prognostic relevance were identified in lymphoid malignancies. 14 --16 Mutations in this transcriptional coactivator/ histone acetyl transferase/E3 ubiquitin ligase gene lead to haploinsufficiency and may render affected cells therapy resistant. 14 --16 The few data available to date in childhood ALL cases indicate that relapse-associated CREBBP mutations are present in about 18% of relapse cases with an apparent equal likelihood in all genetic subgroups. The analyzed cohorts, however, contained only three HD ALL cases. 15 In our pursuit to identify novel risk factors in HD ALL cases we originally compared SNP array patterns of 13 matched diagnosis and relapse HD ALL samples. Amongst the observed CNA and uniparental isodisomies/trisomies (UPID/T), those involving chromosome 16 caught our special attention, because such abnormalities are rare in HD cases and the only potentially relevant gene present in the respective minimal overlapping region is CREBBP. We therefore screened all samples for CREBBP mutations as well and included the only three available corresponding HD cases from the literature in our analysis. 12, 15 
MATERIALS AND METHODS

Patient samples
This study comprises 16 paired diagnosis and relapse samples of HD B-cell precursor-ALL (Table 1) . Eleven cases were from Austria and two from the Czech Republic. The SNP array data of three further patients with available remission samples and CREBBP sequence data were kindly provided by CG Mullighan, St Jude Children's Research Hospital (Hyperdip50-SNP-#27, #53, #54). Cases from AT and CZ were selected on the basis of a chromosome number between 51 and 67 according to cytogenetic data at diagnosis and a blast count of 485% in diagnosis and relapse leukemic samples. Written informed consent from parents was obtained according to the declaration of Helsinki for inclusion of patients into this study. The ethical committees of the CCRI and St Anna Kinderspital approved this study. The Austrian patients were enrolled in the ALL-BFM 95 and ALL-BFM 2000 and the Czech patients in the ALL IC BFM 2002 and ALL interim 2007 treatment protocol for initial disease. All patients experienced a bone marrow relapse except for one patient (#4) who had two CNS relapses before the bone marrow relapse that was analyzed here. Median age of patients #1 --13 was 6.7 years (range 3 --13 years) and median remission duration was 44 months (range 12 --97 months). Early relapse was defined by first remission duration of up to 30 months. For the determination of the constitutional genotype we used early remission bone marrow samples, which were available in all cases.
To determine the frequency of CREBBP mutations in non-relapse HD ALL we screened 40 diagnostic samples from cases with a median remission duration of 114 months (range 84 --144) for mutations in exons 25 --27 of the HAT domain.
MRD analysis
MRD using immunoglobulin/T-cell receptor (TCR) rearrangements was performed as described previously. 17 DNA extraction and sample preparation DNA was extracted from leukemic and remission bone marrow MNCs according to the standard protocols as described previously. 18 SNP array analyses Affymetrix (Santa Clara, CA, USA) GeneChip Human mapping 500k arrays (#13), Genome-Wide Human SNP Array 5.0 (#5, 8, 9, 11, 12) and 6.0 (#1, 2, 3, 4, 6, 7, 10) arrays were used for the analyses. Array hybridization, quality control and genotyping were performed by Atlas Biolabs (Berlin, Germany). Files are available upon request.
Partek Genomic Suite software version 6.5 (Partek, St Louis, MO, USA) was used to analyze signal intensities and genotype calls. Diagnosis, remission and relapse samples of all cases were matched according to genotype data. We applied the genomic segmentation algorithm in paired analysis for the detection of copy number alterations in diagnosis and relapse compared with the respective remission sample essentially as described recently. 18 Segmentation parameters were chosen as follows: 10 minimum genomic markers per segment (defining how small a region can be), a P-value threshold of 0.001 (controlling for outlying probes) and a signal-to-noise ratio of 0.8. Copy number changes detected by genomic segmentation were verified by comparison with the log2 ratio visualization in the Partek Genome Browser.
Deletions and duplications associated with immunoglobulin/TCR rearrangements at 2p11.2 (IGK), 7p14.1 (TCRG), 7q34 (TCRB), 14q11.2 (TCRD/A), 14q32.33 (IGH) and 22q11.22 (IGL) were excluded from the analyses. Microdeletions and focal deletions were defined by a size smaller than 10 Mb and 300 kb, respectively. Regions of UPID/T were analyzed by unpaired loss of heterozygosity (LOH) analysis with the HapMap270 reference file provided by Affymetrix in Partek, which uses a Hidden Markov Model (to find regions that are most likely to be loss events based on the genotype error and the expected heterozygous frequency at each SNP). To define copy neutral LOH, LOH data were compared with the copy number data in the specific regions. Regions of LOH in diagnosis and relapse samples were compared with remission samples to verify their somatic origin. Allele specific copy number analysis in Partek with genotypes from the remission sample (paired analysis) was used to confirm LOH and copy number data. Genomic positions of CNA are indicated according to the University of California, Santa Cruz Genome Browser (NCBI Build, Version 36.1; http://genome.ucsc.edu/cgi-bin/ hgTracks).
Mutational analysis of CREBBP and JAK2
DNA from diagnosis, relapse and remission samples was used to analyze all exons and exon/intron junctions of the CREBBP gene by PCR amplification. Primers used for CREBBP screening are listed in Supplementary Table S1 . Sequencing was performed by VBC Biotech Service GmbH (Vienna, Austria). Mutations were sequenced twice from different PCR reactions to verify the aberration. Remission samples were used to assess the origin (somatic versus constitutional) of the mutations.
All samples were screened for JAK2 mutations in exon 16 using published primers 19 but did not show any mutation. To test for potential functional consequences of CREBBP mutations, we used an in silico analysis based on a method that combines Grantham variation (which measures the degree of biochemical variation among amino acids found at a given position in the multiple sequence alignment) and Grantham deviation scores (which reflects the 'biochemical distance' of the mutant amino acid from the observed amino acid at a particular position), and Align-Grantham variation --Grantham deviation, to predict whether our non-synonymous CREBBP mutations affect protein function. For the alignment 11 orthologs were taken.
Statistical analysis
Statistical significance of frequencies of microdeletions between diagnosis and relapse was calculated using the paired t-test and the frequency of CREBBP mutations in relapse versus non-relapse cases was determined by the Fisher's exact test. Probability values (Po 0.05) were considered statistically significant.
RESULTS
Patterns of chromosomal imbalances, CNA and UPID/T in paired diagnosis and relapse HD ALL samples The overall CNA and UPID patterns obtained from our HD cases were similar to those described in previous studies (Figure 1 ; Supplementary Figure S1 and Table S2 ). 6 The vast majority of triand tetrasomies were conserved at relapse, the partial or complete loss of originally trisomic chromosomes produced whole or partial chromosomal UPIDs in 10 cases (#1, 2, 4, 5, 6, 7, 11, 12, 13, 14; 62%) and whole or partial chromosomal gains affected primarily initial disomic chromosomes in 9 cases (#4, 5, 7, 8, 9, 11, 12, 14, 16; 56%; Figure 1 ; Supplementary Figure S1 and Table S2 ).
Acquired wUPID/T and pUPID/T were seen in 14 cases (78%). Four cases (#1, 8, 14, 16; 25%) had wUPIDs of chromosomes 1, 2, 3, 7, 9, 15 and 19, which do not belong to the group of non-random tri-and tetrasomies that usually constitute the HD karyotype ( Figure 1 ). This pattern contradicts the notion that in these instances the HD karyotype evolved from a single non-disjunction event.
1 The only conceivable alternative explanation is that these UPIDs are relicts of an originally tetraploid karyotype. 1, 6 Taking into account that 20% of unbalanced structural abnormalities in HD ALL are already present in a subclonal form at diagnosis, the higher rate of deletions and pUPIDs in our cases at relapse is most probably because of clonal selection rather than clonal evolution. 6, 20 In line with previous studies, 10 --12,21,22 microdeletions were generally rare at diagnosis with a mean frequency of 4 (range 0 --13) per case. Their frequency became only slightly higher at relapse (mean 5; range 0 --20; Po0.007; Supplementary Table S3 ). In addition to the deletions affecting the known ALL target genes CDKN2A/B, ETV6, PAX5, IKZF1 and NR3C1 6,18,21,22 ( Table 2 ; Supplementary Table S3 ), we also found three 16p deletions (cases #6, 12, 16; Figure 2a ; Supplementary Figures S1 --3) . This region contains the CREBBP gene, which was only recently identified to be recurrently mutated in lymphoid malignancies. 14 --16 As two other cases from our cohort also had a 16p pUPIT/D at relapse (#7, 15; Figure 1 ; Supplementary Figures S1 and S2), we considered this gene a valid target for our further investigations.
Sequence and deletion mutations of CREBBP at diagnosis and relapse Mutation screening revealed altogether 9 somatically acquired CREBBP sequence mutations in 7 of 16 HD ALL cases. They comprised seven non-synonymous point mutations, one nonsense as well as one essential splice site mutation (Figures 1b and c) . The latter mutation affects a splice site in exon 21 and is predicted to alter splicing in the HAT domain (Table 3 ). Of note, 8/9 (89%) mutations occurred in the HAT domain. Our in silico analyses indicate that eight mutations will alter the protein function but one is less likely to do so ( Table 3 ). The only additional mutation outside the HAT domain most likely induces a truncating frame shift mutation in the KIX domain, which is involved in CREB binding. Consultation of the catalog of somatic mutations in cancer (http://www.sanger.ac.uk/genetics/CGP/cosmic/) revealed that the mutations we identified at positions D1435 and I1483 were recurrent but except for one, not identical to the ones described earlier. 15, 16, 23 The constitutional exon 2 missense mutation in the interdomain region of the CREBBP gene in the patient with the Down's Syndrome (#11), on the other hand, is neither predicted to cause a functional change (Table 3) nor did it cause any apparent Rubinstein --Taybi syndrome-associated phenotypic effects. 13 Overall, 12 distinct somatic CREBBP deletion and sequence mutations were found in 10/16 cases (63%; Table 4 ). Five of them were already present at diagnosis and five only at relapse. Two cases (#7, 12) lost the original mutation and one of them (#7) acquired a new one instead (Figure 2b) . A UPIT/D at 16p was observed in two cases (#7, 15) at relapse (Supplementary Figures  S1 and S2) . Whether, in analogy to the UPID case (#15), 15 the mutation-carrying allele was also duplicated or even triplicated in the case with the partial trisomy remains open, as it is not known whether the small wild-type sequence peak derives from the main mutation-carrying clone, a smaller variant subclone or from contaminating normal cells (Figures 1b and c; Supplementary  Figure S2 ). Furthermore, case #3 had two distinct mutations at relapse (Figure 2b , Table 3 ).
Response to treatment and time to relapse of CREBBP mutated HD ALL cases In all, 4 of 13 cases had an early relapse and all of them harbored a CREBBP mutation (Table 1 ) whereas only 4 of 9 cases with a late relapse carried mutations (including the case that lost the initial mutation).
Eight of nine cases with available MRD information were in the intermediate risk group and one (#10) in the low risk group (Table 1) . Interestingly, 3/8 intermediate risk cases had a slow early molecular response (MRD at time point 1: equal or more than 10E-3, and MRD at time point 2: positive, but less than 10E-3), a response pattern that had recently been associated with an increased relapse propensity in the AIEOP/BFM protocols. 9 Consequently, such patients are currently switched to the highrisk arm of BFM protocols. At relapse, the overall treatment response was rather poor, which precludes any further interpretation of the potential role of CREBBP mutations in this context. CREBBP HAT domain mutations predominate in HD ALL relapse cases To corroborate the potential relevance of CREBBP mutations in relapse-prone HD ALL relapse cases, we sequenced exons 25 --27 of 40 HD ALL cases in long-term remission and found only one constitutional non-synonymous point mutation in exon 27 (c.4480C4A leading to AA change P1494T; NCBI dbSNP database accession number ss479152794) in a patient with an originally unclear syndrome. Thus, none of the 40 non-relapse cases versus 18.8% (3/16) of relapse HD ALL cases already have a somatic mutation in these 3 CREBBP exons at initial diagnosis (P ¼ 0.02).
DISCUSSION
To search for genetic alterations that could eventually be exploited as predictive and prognostic markers, we compared genome-wide CNA and LOH of 16 matched diagnosis and relapse samples from childhood HD ALL cases. Of particular interest was the involvement of 16p in the form of copy number alterations as well as UPID in 5/16 cases. A similar SNP array study uncovered only two 16p deletions and no UPID, albeit in 74 mainly non-relapse HD ALL cases. 6 This finding eventually led to the identification of CREBBP mutations as the potential culprit in Patient ID  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15 16
Abbreviations: ALL, acute lymphoblastic leukemia; b, biallelic deletions; D, diagnosis; HD, hyperdiploid; R, relapse; x, monoallelic deletions. Genes listed in the table were selected based on their recurrences either in our analysis or in recently published articles including SNP array analyses. 6, 12, 26 altogether 10/16 cases (63%) in this cohort. The CREBBP mutations identified in our HD ALL cases are predicted to alter protein function and primarily affect the HAT domain (89%). In half of the cases these mutations were already present at diagnosis whereas in the other half they emerged only in relapse. All four early but only four of the remaining nine late relapses carried CREBBP mutations.
Another rather unique characteristic of HD ALL cases is that CREBBP mutations cluster especially in exons 25 --27 of the HAT domain. This pattern differs considerably from their distribution in non-HD ALL (3/13; 23%) and is more similar to that in B-cell non-Hodgkin's lymphoma cases where the majority of mutations occur in the HAT domain. 15, 16 In accordance with our findings, CREBBP sequence mutations outnumbered deletions by far and, as in the two former studies, did generally also not overlap. Moreover, the predominant monoallelic manifestation of the respective lesions further supports their proposed haploinsufficient tumor suppressor role in the leukemic process. 16 Initial observations suggested that CREBBP mutations are a particular feature of high-risk ALL and that they occur in 18.3% of relapse cases. 15 This notion also derived from the fact that only one CREBBP mutation---but no deletion---was identified in 170 non-relapsed ALL cases. 15 Moreover, such mutations seem to occur with an equally low frequency in all genetic subgroups of high-risk childhood ALL. 15 The results of our analyses, on the other hand, imply that CREBBP mutations are highly enriched in relapse-prone HD ALL cases. As virtually all relapses take place in HD ALL cases within the MRD intermediate risk group, we suggest that CREBBP mutations represent the first relevant delineating parameter that allows an early prediction of potential relapses in HD ALL cases.
CREBBP mutations are already present at diagnosis in half of our cases that experienced a relapse. This finding is in accordance with Mullighan et al. 15 who showed that merely 7/15 ALL cases have the mutation in the major clone at initial presentation. The order of mutation appearance in two of our cases stresses the difficulty of predicting to which extent, if at all, a particular CREBBP mutation-carrying clone will eventually succeed to evolve into a major relapse clone. It seems that this selective process is significantly influenced and codetermined by several other intrinsic genetic and extrinsic (micro) environmental factors. 15 A particular contribution of other common genetic lesions, such as CDKN2A/B, IKZF1, NR3C1, ETV6 and PAX5 in the evolution of such clones is conceivable, but far from clear. Given the heterogeneous appearance patterns of such mutations during the course of the disease and the profound overall drug resistance encountered in the respective disease recurrences, one cannot rely only on the presence of CREBBP mutation carrying clones to distinguish drugresistant from drug-sensitive relapse cases. The hitherto already established wide-ranging deregulating effects of CREBBP mutations on gene expression and their likely contribution to the development of glucocorticoid resistance can nevertheless pave the way for a more targeted and individualized form of treatment of affected cases, for instance with already available HDAC inhibitors. 15, 16 In conclusion, the results of our investigation provide robust evidence that CREBBP gene alterations are particularly common in HD ALL relapse cases. Consequently, CREBBP mutations could serve as the first important parameter in this specific genetic subgroup to predict their likelihood to relapse. The profound clustering of CREBBP mutations in the HAT domain provides a comparatively simple, accessible screening target. Most importantly, however, the identification of such CREBBP mutations may eventually be exploited to adapt the treatment of affected cases accordingly.
